We used a partial diallel mating design to examine morphologic response to supplementary ultraviolet-B (UV-B) radiation of seven ecotypes of Arabidopsis thaliana L. Heynh. from several geographic locations in Europe. We were particularly interested in the inheritance of UV-B tolerance by the F 1 generation. Morphologic traits included plant height, rosette diameter, number of shoots (lateral branches from the rosette) and branches (lateral branches above the rosette), and reproductive and vegetative dry mass. To effect a large difference in UV treatments, plants under treatment received 11 kJ/m 2 /day of biologically effective UV-B radiation while control plants received no UV-B radiation. Genotype effects were observed for all traits (P Ͻ .0001), but a significant treatment effect and genotype ؋ treatment interactions were detected only for plant height (P ‫؍‬ .0001), rosette diameter (P ‫؍‬ .0229), and vegetative (P ‫؍‬ .0260) and reproductive dry mass (P ‫؍‬ .0900). General combining ability was significant for plant height (P Ͻ .0001) and vegetative mass (P ‫؍‬ .0563), whereas specific combining ability was significant for rosette diameter (P ‫؍‬ .0220) and vegetative mass (P ‫؍‬ .0506). These results suggest that both pure lines and hybrids of Arabidopsis can be developed for greater tolerance of UV-B radiation. Similar findings for crop species might lead to the development of UV tolerant varieties.
During the past few decades, the ozone reduction problem has stimulated considerable research on higher plant responses to UV-B radiation (Caldwell and Flint 1994) . When exposed to elevated UV-B radiation, higher plants exhibit various physiologic and morphologic changes ( Björn 1996; Caldwell et al. 1998; Greenberg et al. 1997; Jansen et al. 1998; Rozema et al. 1997; Strid et al. 1994) and there is considerable variation among species ( Barnes et al. 1990; Day 1993; Kossuth and Biggs 1981; McLeod and Newsham 1997; Sullivan et al. 1992; Torabinejad et al. 1998 ) and among varieties within the same species (Corlett et al. 1997; Correia et al. 1998 Correia et al. , 1999 Teramura 1983; Tevini and Teramura 1989; Ziska et al. 1992 ). This intraspecific variation in responsiveness to UV-B suggests that breeding for UV-B tolerance in agricultural species should be feasible (Caldwell et al. 1995) .
Only a few studies have investigated the inheritance of UV-B tolerance, and none of them have employed a diallel crossing system. Sato et al. (1994) observed three distinctive genotypes in F 3 plants of rice (Oryza sativa): UV tolerant, sensitive, and segregated heterozygous plants. Sato et al. (1994) further concluded that recessive alleles were important in determining the sensitivity of rice to UV-B damage.
Genotypic differences were observed for Arabidopsis thaliana L. Heynh. response to UV-B radiation (Jalilova et al. 1993; Shishkin and Ivanishchev 1997; Usmanov et al. 1988) . Usmanov et al. (1988) used 19 genetic lines of Arabidopsis to determine intraspecific genetic differences for UV-B sensitivity in survival, developmental rate, plant height, and number of pods per plant. They found that these genotypes differed significantly in their response to UV-B, that differences in intraspecific responses to UV-B could be considerable, and that the intraspecific differences exceeded both interspecific and intergeneric differences. There are reports on UV-B sensitivity of Arabidopsis mutants designed to probe mechanisms of UV-B tolerance ( Britt et al. 1993; Chen et al. 1994; Jenkins et al. 1995; Landry et al. 1995; Rao et al. 1996) .
The objectives of our study were to (1) estimate variability in UV-B tolerance among seven ecotypes of A. thaliana and their F 1 hybrids to gain an understanding of the genetics of UV-B sensitivity in this species, (2) determine the importance of general and specific combining abilities (GCA and SCA, respectively) in the inheritance of UV-B responsiveness in Arabidopsis, and (3) assess the feasibility of developing genotypes that could tolerate elevated UV-B radiation levels either from the original parental types or from their hybrids. Certainly developing more UV tolerant genotypes of the small annual plant Arabidopsis is not of practical significance. However, we feel it useful to explore the possibilities of doing this since our study yields information on GCA and SCA. Analysis of diallel experiments provides information about heterosis and combining abilities to select superior crosses and parents. The relative contribution of additive and nonadditive gene action to inheritance of a trait can also be determined. The GCA refers to mean performance of a parental type in a series of hybrid matings and SCA indicates the performance of a particular hybrid compared to the expected value based on the mean performance of the lines involved (Sprague and Tatum 1942) .
Materials and Methods

Plant Material and Growth Conditions
Seven ecotypes of A. thaliana from several geographic locations in Europe were obtained from the Arabidopsis Biological Resource Center at Ohio State University. All of the ecotypes came from populations that were within about 100 m of sea level and within 3Њ latitude, therefore no sizable differences were expected in their original solar UV environment ( Table 1) . In an earlier trial, these homozygous genotypes showed variation in sensitivity to UV-B radiation in a temperature-controlled greenhouse in Logan, Utah (41Њ45Ј N, elevation of 1500 m). The flowers were emasculated and subsequently pollinated by pollen from donor plants. After maturation, seeds were collected and used for the diallel experiments.
A few seeds of both parents and their F 1 progenies were sown in a medium consisting of equal proportions of vermiculite, bark, peat moss, and perlite. This potting medium was amended with magnesium ammonium phosphate (7-40-6), iron sulfate, and a wetting agent (AquaGro, Cherry Hill, NJ). We stored pots in a cold room at 4ЊC for a period of 10-14 days to break seed dormancy. Thereafter the pots were transferred into a greenhouse where seeds were allowed to germinate before the treatments started. Plantlets were thinned to one plant in each pot. Plants were fertilized with a 20-10-20 ( N-P-K) solution of ''Peat-Lite Special'' fertilizer (Scotts-Sierra Horticultural Products Company, Marysville, OH) throughout the experiment. This solution was applied very often.
Radiation Environment
Plants under treatment received 11 kJ/m 2 / day of biologically effective UV-B radiation using fluorescent sunlamps (Q Panel UV-B 313, Cleveland, OH). Lamps over the treated plants were covered with a clear cellulose acetate film (0.13 mm thick) that absorbed shortwave UV-B and UV-C radiation but transmitted UV-B radiation wavelengths in the sunlight range. For the control treatment, identical lamps were used that were covered with polyester (Mylar) film (0.13 mm thick) that absorbs all UV-B radiation. We measured the UV flux with a double-monochromator spectroradiometer with holographic gratings (Optronic Model 742, Orlando, FL) calibrated against a 1000 W tungsten-halogen standard lamp traceable to the National Institute of Standards and Technology. Wavelength accuracy was checked before this calibration and again when the instrument was moved to the greenhouse by scanning a low-pressure mercury lamp with a discharge at distinct, well-separated emission lines. Biologically effective UV-B radiation was calculated by weighting the spectral irradiance with a generalized plant action spectrum normalized to 300 nm (Caldwell 1971) . This UV-B flux rate corresponds to UV-B on 21 June at 50ЊN at sea level with a 40% ozone reduction from normal levels. We calculated flux rates using the program ''UV-B'' ( Fiscus and Booker 1998) which is based on the model of Björn and Murphy (1985) .
Supplementary visible radiation (200 mol/m 2 /s for 14 h) also was provided by several high-pressure sodium lamps. A quantum sensor ( LI-COR, Lincoln, NE) was used to measure photosynthetically active radiation. Air temperature in the greenhouse was maintained at about 24ЊC.
Measured Traits
Plants were harvested before the onset of the seed pod drying stage. Morphologic characters measured included plant height, rosette diameter, number of shoots ( lateral branches from the rosette) and branches ( lateral branches above the rosette), on the main shoot, and reproductive and vegetative (all plant parts except roots) dry mass. Leaf chlorophyll content of five of the parental ecotypes was measured using a nondestructive, dual-wavelength commercial meter (model SPAD-502, Minolta Corp., Ramsey, NJ; Monje and Bugbee 1992).
Experimental Design and Analysis of Data
The experiment was conducted in the spring of 1994 on two pairs of adjacent benches in a greenhouse; one bench of each pair was given supplemental UV-B radiation. Each pair of benches was considered a block and both blocks contained all parental genotypes and hybrids. These blocks were considered as two true replications. Five plants of each genotype (parents and their F 1 hybrids) in each treatment were randomly distributed in a randomized complete block design on the benches.
Analysis of variance. Each response variable was analyzed separately based on means of the five subsamples in a threeway analysis of variance (ANOVA) with treatment (T) and genotype (G) as fixed effects and block (B) as a random effect. While T ϫ G interaction was considered as a fixed effect, other interaction effects (T ϫ B and B ϫ G) were considered as random effects. Data were analyzed using the GLM procedure in SAS version 6.12 (SAS 1989) , with the ''test'' option of the ''Random'' statement used to provide Satterthwaite approximate significance tests for block effect. The F tests for genotype and treatment use G ϫ B and T ϫ B mean squares as the denominator, respectively.
Diallel analysis. Because the parental ecotypes used in our study were not collected from an individual breeding population, diallel analysis was performed based on model 1 and method 2 (parents and the F 1 hybrids included) introduced by Griffing (1956) . For this purpose we conducted a general least squares analysis (Schaffer and Usanis 1995) . Since we had to use model 1, we were unable to estimate the components of the genetic variance. For all response variables, computation was based on the difference in values between plants given the elevated in bold) and F 1 mean values for height (1), shoot number (2), branch number (3),  rosette diameter (4), vegetative mass (5), and reproductive mass (6 
. The effect of UV-B radiation on morphologic traits and reproductive and vegetative dry mass of A. thaliana: (a) Plant height (cm) and rosette diameter (cm); (b) vegetative and reproductive dry mass (g); (c)
number of shoots and branches. Treatment effect was significant for plant height (P ϭ .0001), rosette diameter (P ϭ .0229), and vegetative dry mass (P ϭ .0260). This effect was significant at P ϭ .0900 for reproductive mass.
UV-B and those in the control group within each block (control-UV-B treated); a negative value indicated a better performance by the UV-B-treated plants. Values for GCA and SCA were computed as suggested by Burow and Coors (1994) ; these calculations involved the parental values. To compare individual GCA and SCA values, ecotype CS6079 and F 1 hybrid CS6079 ϫ CS6095 were arbitrarily taken as the standards, respectively.
Results
Parental and F 1 cross means of all traits represent the difference between mean response of control and UV-B-treated plants ( Table 2 ). Significant genotype effects were detected for all traits, and there were significant treatment effects for plant height, rosette diameter, and vegetative and reproductive mass ( Figure 1a,c) . The number of shoots and branches increased for the treated plants, but these changes were not significant ( Figure 1b) . The P values for genotype, treatment, and the genotype ϫ treatment interaction are presented in Table 3 . Significant genotype ϫ treatment interactions were found for plant height (P ϭ .0020), rosette diameter (P ϭ .0247), vegetative mass (P ϭ .0252), and reproductive mass (P ϭ .0620). Five of the parents were examined for chlorophyll content. On a leaf area basis, chlorophyll concentration increased in the treated plants, but on a leaf mass basis, no treatment differences were observed (data not shown). Thus the greater chlorophyll concentration on a leaf area basis under UV treatment was most likely due to a change in the specific leaf mass.
The GCA and SCA values for plant traits are based on the differences between control and treatment (control Ϫ UV-B treated), the more negative numbers (meaning that the treated individuals, for example, grew taller or had higher dry mass than control plants) indicating a greater breeding value for parents and a superior phenotype for the hybrids ( Table 4) . Significant GCA values were detected for plant height (P Ͻ .0001) and vegetative mass (P ϭ .0563); SCA values were significant for rosette diameter (P ϭ .0220) and vegetative mass (P ϭ .0506) ( Table 5) . If a more conservative test ( Bonferroni adjustment) is used, we only identified a significant GCA for plant height (results not shown).
Discussion
Our study is the first to use diallel mating design to examine inheritance of UV-B tolerance in plants. Significant general combining ability values were detected only for plant height and vegetative mass. For plant height, the mean squares of GCA were more than four times larger than that for SCA, suggesting that UV-B tolerant Arabidopsis pure lines can be developed for this trait. Desirable negative GCA values were found for plant height in CS6095, CS6049, and CS6046, which makes them good general combiners for UV tolerance ( Table 4) . Negative and significant GCA values for genotype, block, treatment, the interactions for treatment and block (T  ؋ B), genotype and treatment (G ؋ T), and genotype and block (G ؋ B values were also apparent for vegetative mass in CS6095 and CS6046 ( Table 4) . For vegetative mass, the mean squares of GCA and SCA were very similar, suggesting equal importance of developing pure lines and hybrids for UV-B tolerance for this trait.
Significant SCA values and large heterotic effects suggest that hybrid production is a viable option to increase UV tolerance ( Tables 4 and 6 ). Significant SCA values were obtained for rosette diameter and vegetative mass ( Table 5) . Hybrids CS6079 ϫ CS6049, CS6094 ϫ CS6049, and CS6094 ϫ CS6047 produced the largest SCA values for rosette diameter. Since GCA values were not significant for rosette diameter, hybrid production may be the only avenue to increase UV tolerance for this trait. Favorable SCA values were obtained for vegetative mass in CS6079 ϫ CS6049, CS6079 ϫ CS6102, and CS6046 ϫ CS6047.
Because the geographic origins of these ecotypes were similar and the ecotypes were not preselected for UV-B tolerance, this group of ecotypes provided the opportunity to observe intrinsic variation in UV-B tolerance in these populations unrelated to the UV-B levels of their original habitat. This inherent variation in UV-B tolerance may have been in part the result of selection for genes encoding various defense mechanisms such as antioxidant enzymes or radiation shielding compounds, such as phenolics. While UV-B radiation might have been one selective environmental factor, other stresses such as pathogens, temperature extremes, or visible radiation may have been responsible for selection for such genes.
Because there are multiple traits with different values of GCA and SCA effects for each trait, choosing the most suitable genotypes or hybrids depends on the trait in question. One might select a particular important trait that contributes to fitness (such as reproductive mass) or use a weighting formula that represents the relative importance of all desirable traits contributing to competitiveness and fitness. If all traits were treated equally, ecotypes CS6046 and CS6095 had the highest values for GCA, and CS6079 and CS6102 the lowest.
The role of genetic variation in responding to selective agents in the environment has been emphasized by many authors (e.g., Fisher 1930) . Thus variation in UV-B tolerance among the different ecotypes of Arabidopsis and the apparent control of at least some tolerance traits by additive gene effects should contribute to survival of this species in natural populations exposed to substantially elevated UV-B radiation. If similar variation exists for UV-B tolerance in agricultural crops, breeding for improved UV-B tolerance should be effective. Various levels of UV-absorbing compounds in different ecotypes are among the factors that may contribute to the observed ecotypic variation in UV-B tolerance ( Hidema et al. 1996; Sato and Kumagai 1997) . Heterosis by cross, relative to midparent (cross Ϫ midparent) for plant height (1), shoot  number (2), branch number (3), rosette diameter (4), vegetative mass (5), and reproductive mass (6 Units of measure are expressed as centimeters for height and rosette diameter, and as grams for vegetative and reproductive mass. A negative number translates to a better performance by the cross.
In this study we showed that Arabidopsis ecotypes exhibited genetic variation for UV-B tolerance, indicating the feasibility of employing molecular genetics to identify mechanisms of UV-B tolerance in this species. The F 2 generation of some of these ecotypes could be grown and utilized to address issues such as the number of genes involved in UV-B tolerance and detecting quantitative trait loci.
The diallel mating system was used to establish the relative importance of both GCA and SCA in inheritance of UV-B tolerance in Arabidopsis. Significant GCA effects were present for plant height and vegetative mass. Significant SCA values were found for rosette diameter and vegetative mass. Our results suggest that selection for UV-B tolerance in Arabidopsis is possible given the amount of genetic variation among the parental ecotypes. The presence of significant SCA effects for some traits also suggests that hybrids can be used to develop UV-B tolerance. If these results for A. thaliana are applicable to crop species, plant breeders would probably be able to develop pure lines and hybrids with improved tolerance to UV-B radiation.
